In the healthy adult arterial wall, most of the smooth muscle cells (SMCs) express high levels of smooth muscle-specific contractile proteins, including ␣-smooth muscle actin, ␥-smooth muscle actin, and calponin. During growth and remodeling processes, however, these cells undergo a phenotypic modulation characterized by increased proliferation and increased synthesis and secretion of extracellular matrix (ECM) proteins, such as collagen I, collagen III, and fibronectin (23) . These changes are accompanied by decreased expression of SMC contractile proteins. The precise molecular mechanisms regulating the different phases and time courses of these processes remain unknown, however.
Two major signaling pathways involved in the regulation of arterial remodeling are serum response factor (SRF) and transforming growth factor-␤ (TGF-␤)/bone morphogenetic protein (BMP) pathways. Using the porcine aortic coarctation model presented (10) , our laboratory recently showed that increased pro-collagen I synthesis, a known consequence of TGF-␤ activity, and increased smooth muscle proliferation occurred early in hypertension. In contrast, changes in contractile protein expression continued over an 8-wk period (13) . These observations suggest that the events regulating these processes are temporally distinct. The goal of this study was to explore the early changes in hypertensive aortic remodeling and TGF-␤/BMP signaling pathways.
The specific roles of TGF-␤ and BMP in the differentiation of SMCs have been difficult to identify because of conflicting reports. TGF-␤ and BMP are both important for differentiation of SMCs in the cardiac outflow system during embryonic development (19, 30, 36) . Nevertheless, in cell culture, TGF-␤ may promote or inhibit differentiation, depending on the source, age, and passage number of the cells and the specifics of the culture conditions (16, 29) . In pathological conditions in vivo, vascular SMCs downregulate contractile proteins and assume a more secretory phenotype, with increased production of ECM proteins at the site of injury (27) , which associate with increased levels of TGF-␤ released from platelets, macrophages, and neointimal SMCs (4, 5, 22) .
Mature TGF-␤ molecules are secreted as small latent complexes with their propeptide, latency-associated peptide (LAP). These latent complexes form the large latent complex (LLC) by binding with latent TGF-␤ binding protein-1. Latent TGF-␤ binding protein-1 properly locates TGF-␤ molecules and links the LLC to other proteins in the ECM. Only a small percentage of the total TGF-␤ needs to be activated to cause maximal cellular response, and, therefore, activation, not just changes in expression, has an important role in regulating signaling through the TGF-␤ pathway (3) . Local changes in the ECM can activate TGF-␤ and directly affect TGF-␤ signal intensity and duration, which are extremely important determinants of the cellular response (32) . Changes in association with the ECM may lead to vessel remodeling at precise locales.
In this study, we show that TGF-␤ and BMP pathways may regulate the change in expression of ϳ19% of hypertensionresponsive genes. We further show that, in the aortic segments subjected to high blood pressure, signaling through these pathways is increased through increased activation, and not de novo production of signaling molecules, which is associated with a less differentiated phenotype of SMC. This study implicates TGF-␤ 1 activation as an important, and clinically relevant, mechanism that increases TGF-␤ 1 signaling and controls remodeling of arteries specifically in areas with increased intramural stress.
MATERIALS AND METHODS
Animal model. Animal care in this study was approved by the University Animal Care Committee, Texas A&M University. Our porcine aortic coarctation model of hypertension was described previously (10) . Briefly, inflatable silicone occluders (8 -12 mm, In Vivo Metrics; reinforced by Solomon Scientific) were surgically implanted around the aorta proximal to the diaphragm of Yucatan micro-miniswine (8 -11 mo). Telemetry unit catheter was positioned in internal thoracic artery, for continuous in vivo measurements of arterial blood pressure proximal to the occlusion. Animals were allowed 1 wk to recover from surgery. The occluder was then inflated gradually over 2 wk, until the 24-h average mean arterial pressure was Ͼ150 mmHg. Blood flow patterns in aorta proximally and distally from the occlusion were visualized by two-dimensional Doppler imaging and recorded simultaneously with an electrocardiogram. Six occluded pigs were used in this study. Three sham-operated pigs, in which the occluder was introduced but not inflated, were used as nonhypertensive controls. After 2 wk of hypertension, pigs were killed. At this time, animals were anesthetized, a catheter was inserted directly into the aorta, and systolic pressures were measured distal and proximal to the occlusion, which confirmed a substantial difference in pressure between these two regions. The average systolic pressure in the proximal (high pressure region) was 110 mmHg, while in the distal (low pressure) region it was 85 mmHg.
Tissue isolation. The aortic arch and descending aorta to the diaphragm were isolated and rinsed immediately in 1ϫ PBS. The tunica adventitia was removed, and ϳ3-mm-wide sections containing the tunica media and endothelium were isolated from regions 3 cm proximal and 3 cm distal to the occluder. These segments were snap-frozen in liquid nitrogen and stored at Ϫ80°C until further processing for RNA isolation and preparation of protein lysates. Adjacent aortic segments were used for immunohistochemistry (see below).
RNA isolation and amplification. Total RNA was isolated using Totally RNA kit (Ambion, Austin, TX). DNAse treatment was used to remove any possible DNA contamination (DNA-free, Ambion, Austin, TX). RNA quantity, purity, and integrity were assessed using an Agilent 2100 bioanalyzer and spectrophotometer (Agilent Technologies, Santa Clara, CA). The resulting RNA samples were used for real-time PCR and microarray analysis.
Microarray analysis. Gene ontology. Gene ontology analysis was done using annotations from the human homologs to the porcine sequences. Hypertensionresponsive genes were grouped by cellular component using the gene ontology function in GeneSpring GX 7.3 software. The enrichment of particular cellular component groups was compared against the whole genome.
Promoter analysis. Promoter analysis was performed on the set of genes indicated by microarray analysis as having significantly changed expression. For this, we based our analysis on the method for identification of mammalian genes with putative conserved CArG elements in their promoter, first described by Sun et al. (35) . Promoter sequences for the human and mouse orthologous genes, and their accurate transcription start sites, were retrieved by searching the Database of Transcriptional Start Sites (http://dbtss.hgc.jp/). Each promoter sequence contained 4,000 bases upstream and downstream from the promoter start site. Overall, 39% of upregulated genes and 22% of downregulated genes were excluded from the analysis due to insufficient data on either orthologous human or mouse sequence. For the rest of the genes, mouse and human promoter sequences were analyzed further using EMBOSS software (25) , and the FUZZNUC application for the presence of the putative CArG elements and putative TGF-␤ control elements (TCE). For the TCE search, a 10-base long consensus sequence used as TCE for the nucleic acid pattern search was as follows:
, as published previously by Hautmann et al. (12) and Owens et al. (23) . One mismatch was allowed during the nucleic acid pattern search. A DNA element was considered a putative TCE, if it was absolutely conserved in the sequence in human and mouse. In addition, when compared between these two species, the location of the sequence relative to the transcription start site could not vary more than 500 base pairs. These results were compared with the results of a similar analysis performed on an additional 150 genes, randomly sampled from the group that, according to microarray, did not change expression. Consistent with previous analysis, 31% of random genes did not have data available for either mouse or human gene and, therefore, had to be excluded, while the remaining genes were analyzed for the presence of the conserved putative TCEs. The 2 goodness of fit test was used to compare frequency of genes with TCE sites and/or CARG boxes in the group of genes that changed expression due to coarctation (observed frequency) to the frequency in the random group of genes (expected frequency).
Real-time RT-PCR.
Sets of primers were designed based on TC sequences retrieved from TIGR Gene Index Database (release 10.0) using Beacon designer software ( Table 1 ). The RT reaction was performed on samples isolated from five occluded and three shamoperated animals using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA), according to the manufacturer's instructions. RT-PCR was performed with iQ SYBR Green Supermix (Bio-Rad). Results Fig. 1 . Color-flow Doppler imaging of blood flow patterns in the occluded aorta (Ao). Following a lateral thoracotomy, the thoracic cavity was filled with warm physiological saline solution (PSS) to facilitate imaging. These images were obtained with a 10-MHz probe using a variance map. A-C: the images document disturbed flow within the aorta immediately distal to the occluder (marked with an arrow) at three different times in the cardiac cycle. Note that the flow becomes laminar within ϳ3 cm.
were normalized to the expression of GAPDH for each particular sample. Expression levels were calculated using the delta-delta Ct method (18) . Relative gene expression was represented as a ratio between proximal and distal tissue sections for each particular animal.
Antibodies. Anti-pSMAD-1/5/8 (catalog no. 9511) and antipSMAD-2 (catalog no. 3108) antibodies were purchased from Cell Signaling Technology (Beverly, MA). The anti-TGF-␤ 1 (catalog no. 555052) was purchased from BD Pharmigen (San Diego, CA), anti-LAP (catalog no. AF-246-NA) from R&D Systems (Minneapolis, MN), and anti-GAPDH (product code 2-RGM2) antibody from Advanced Immunochemical (Long Beach, CA).
Immunohistochemistry. Proximal and distal aortic segments from six occluded animals and three sham-operated controls were fixed in 4% paraformaldehyde and embedded in paraffin. Anti-pSMAD2 (1:300), anti-pSMAD1/5/8 (1:150), or anti-LAP antibody (1:600) were used to detect pSMAD2, pSMAD 1/5/8, or LAP, respectively. Specific binding sites were visualized by incubation, with a secondary biotinylated antibody followed by an avidin/biotinylated enzyme complex (ABC Kit, Vector Laboratories, Burlingame, CA) and a diaminobenzidine (DAB) substrate (Vector Laboratories, Burlingame, CA). Sections from porcine lymph node, serving as positive control, were processed at the same time and handled in the same way. Negative control tissues were processed in the same manner, but the primary antibody was omitted. Sections used for quantitation of phosphorylated SMAD were not counterstained with hematoxylin. Digital images were acquired using an Olympus BX51 microscope with an Olympus DP70 camera with ϫ20 objective. A LabViewbased image analysis program that uses three-dimensional RGB thresholding to count hematoxylin-stained or DAB-stained nuclei was used for scoring, as described previously (13) . Three scoring areas per section across the intima and whole thickness of media were used, and the average number of DAB-positive cells per scoring area was calculated for each section. The average total number of cells per scoring area was determined in an adjacent section that was stained with hematoxylin. Depending on antibody used in the experiment, the results were expressed as a pSMAD2 index, or a pSMAD1/5/8 index (percentage of DAB-stained cells per total number of cells in scoring area).
Western blot analysis. Frozen aortic sections from six hypertensive and three sham-operated animals were pulverized and lysed in ice-cold lysis buffer containing 20 mM Tris, pH 7.4, 50 mM NaCl, 50 mM NaF, 50 mM EDTA, 20 mM sodium-pyrophosphate, 1 mM sodium-orthovanadate, 1% Triton X-100, and Protease Inhibitor Cocktail Set I (Calbiochem, Gibbstown, NJ, catalog no. 539131). Next, 15 g of each sample were resolved on NuPage Bis-Tris 4 -12% SDS-PAGE (Invitrogen, Carlsbad, CA) in the presence of NuPAGE LDS 4ϫ sample buffer and reducing reagent and transferred to a nitrocellulose membrane. 
RESULTS

Characterization of flow changes caused by coarctation.
Physical presence of the occluder disturbed blood flow in distal sections of aorta. Nevertheless, Doppler imaging showed that, 3 cm distally from the occluder, the flow pattern was restored and similar to that observed in proximal sections (Fig. 1) . To avoid changes in signaling caused by disturbed flow, tissue samples were collected 3 cm distal and proximal to the occluder.
Hypertension causes change in gene expression patterns consistent with TGF-␤-regulated signaling.
Microarray analysis showed that 72 genes had upregulated, and 69 had downregulated, gene expression (Supplemental Tables 1 and 2 ; the online version of this article contains supplementary data). The genes were considered to be significant, if they had at least a 1.5-fold change in expression in the proximal (hypertensive) relative to the distal segments of aorta, and t-test P value Ͻ0.05. Real-time RT-PCR verification of microarray data showed that, in two-thirds of tested genes, expression changed in the same direction as in microarray analysis, whereas, in the remaining one-third of genes, expression did not change significantly (Table 2) . A gene ontology analysis revealed further that the group of downregulated genes was enriched in cytoskeletal genes (P ϭ 0.048), whereas the group of upregulated genes was enriched in extracellular genes (P ϭ 0.001), each relative to the whole genome. This pattern of gene expression was consistent with a phenotypic modulation of SMC regulated mainly by SRF and TGF-␤/BMP signaling pathways.
Promoter regions of the majority of SMC contractile proteins have multiple serum response elements (also named CARG boxes), which bind serum response transcription factor (SRF). Most of these promoters also contain TCEs that bind a TGF-␤ transcriptional coregulator, Kruppel-like 4. Both types of promoter elements are well conserved among different species and are required for expression of SMC differentiation markers (12, 16, 23) . A genomic database search for conserved CARG boxes and TCEs in human and mouse orthologous genes, in the promoter sequence 4,000 bases upstream and downstream of the transcription start site for human and mouse orthologs of each significant gene, revealed that 22.7% of the upregulated and 18.5% of the downregulated genes had at least one conserved putative CARG box (Supplemental Tables 3 and  4 ). In addition, 19.4% genes contained at least one putative TCE, which was different compared with 11.6% of random genes sampled from the list of nonsignificant genes (P ϭ (Tables 3 and 4) . Taken together, these data suggest that both TGF-␤/BMP and SRF pathways are important regulators of gene expression early in hypertensive aortic remodeling. Furthermore, each of these pathways may have a distinct role in this process, since the groups of genes regulated by these two pathways only partially overlap.
Hypertensive segments of aorta are associated with a less differentiated phenotype of SMC. Microarray analysis showed that expression levels of the SMC differentiation markers calponin and SM22␣ were decreased in proximal (hypertensive) segments compared with distal segments (Table 2) . Consistent with this, real-time RT-PCR analysis showed that changes in expression of ␥-actin followed the same pattern (relative expression ratio proximal/distal ϭ 0.46, P ϭ 0.009). This ratio was significantly different from the proximal-to-distal ratio in the sham-operated control group (0.46 vs. 0.97, P ϭ 0.021, Fig. 2 ). 
TGF-␤ and BMP signaling are increased by hypertension.
We next asked if signaling through TGF-␤ and BMP was increased by hypertension. Active TGF-␤ and BMPs bind serine/threonine kinase receptors on the cell membrane. Once activated, the receptors phosphorylate SMAD proteins and cause their translocation into the nucleus, where they act as transcription factors. Phosphorylation and nuclear translocation of SMADs are thus considered to be among the best early indicators of TGF-␤ activity (34) . The TGF-␤ pathway signals through SMAD2 and 3, while the main signaling molecules for the BMP pathway are SMAD1, 5 and 8. Immunohistochemical staining for phosphorylated SMAD2 revealed that the percentage of phospho-SMAD2 positively stained cells was higher in the proximal compared with the distal aortic segments of occluded animals (proximal-to-distal ratio of 3.93, P ϭ 0.018). This was significantly different from the sham-operated control group (proximal-to-distal ratio of 3.93 vs. 0.58, P ϭ 0.004, Fig. 3,  A and C) . The positively stained cells were located mainly in subintimal media. Similarly, phosphorylation of SMAD1/5/8 was increased in proximal relative to distal aortic segments of occluded animals and was also located predominantly in subintimal media (proximal-to-distal ratio 4.65, P ϭ 0.046, Fig. 3 , B and C). This was not different from sham-operated controls, however. Collectively, these results show that hypertension is associated with increased signaling through TGF-␤ pathway.
Hypertension did not change the expression of TGF-␤ superfamily members. To further explore changes related to TGF-␤ and BMP signaling, we analyzed expression of BMP2, BMP4, TGF-␤ 1 , TGF-␤ 2 , and TGF-␤ 3 by real-time RT-PCR. These molecules are members of the TGF-␤ superfamily, known to be expressed in vasculature (16) . Interestingly, realtime RT-PCR showed that hypertension did not change the level of their expression, which was consistent with the microarray results (data not shown). Nevertheless, microarray and real-time RT-PCR analyses showed change in expression of nephroblastoma overexpressed (NOV) and fibrillin 1 (Table 1) , which have the potential to modulate TGF-␤ activity (1, 6) . Consistent with real-time RT-PCR and microarray analysis, Western blot analysis showed that levels of total TGF-␤ 1 protein (unprocessed intracellular and cleaved secreted forms) were not changed due to hypertension (Fig. 4) .
TGF-␤ activation is increased in hypertensive aortic segments of the pig coarctation model. Immunohistochemical detection of LAP in aortic sections shows that LAP is detected in abundance throughout proximal and distal segments of aortic wall in sham-operated animals, while in occluded animals its level is generally lower and almost completely absent in proximal aortic segments (Fig. 5) .
DISCUSSION
Previous studies from our laboratory delineating the time course of aortic remodeling in a porcine aortic coarctation model showed that cell proliferation and matrix production peaked at 2 wk of hypertension, whereas modulation of smooth muscle phenotype continued over the full 8-wk time course. The early changes in the aorta resulted in normalization of wall stresses earlier than originally anticipated (Ref. 13 , Neiger J., unpublished observations). These observations prompted our present studies aimed at identifying gene profiles that contribute to the early hypertensive remodeling response. To this end, we performed microarray analysis comparing RNA expression from regions of the aorta proximal and distal to the occluder at 2 wk postinduction of hypertension. We found that 72 genes were upregulated and 69 genes were downregulated in the proximal aorta. Gene ontology analysis showed the genes that were upregulated in the proximal region were enriched in extracellular proteins. These genes included the ECM proteins: type I collagen, biglycan, NOV precursor, and fibrillin-like protein (see Supplement Table 2 for complete list of upregulated genes). Based on this ontology analysis, genes that were downregulated were enriched in cytoskeletal proteins. Consistent with this analysis, the downregulated genes included the smooth muscle differentiation markers calponin H1, SM22-␣ caldesmon, and myosin light chain kinase. Analysis of these regulated genes prompted further investigation aimed at identifying the regulatory pathway(s) responsible for these changes. Based on the types of genes that were regulated, we hypothesized that TGF-␤ might be a key regulatory pathway, because it has previously been shown to modulate expression of ECM proteins and smooth muscle contractile proteins (28) .
Our study shows that the TGF-␤ and BMP pathways may be major regulators of early hypertensive remodeling of the aorta. First, microarray analysis showed that 19.4% of genes with altered expression contain putative TCE. A similar percentage of hypertension-regulated genes contained putative serum response elements, the binding site for SRF, a known regulator of vascular remodeling. Second, increased signaling through TGF-␤ was confirmed by immunohistochemical staining of phospho-SMAD2. BMP signaling was upregulated in proximal, hypertensive relative to distal segments of occluded aortas, but this was not different from the sham-operated control group. The lack of change in the BMP signaling may reflect the presence of the occluder around the thoracic aorta, causing a slight increase in blood pressure in sham-operated animals as well (Neiger JD, unpublished observations). Taken together, however, these results are consistent with the observation that increased TGF-␤ signaling is associated with blood vessel injury in vivo (27) , despite contradicting observations from cell culture experiments and embryonic development studies that TGF-␤ is a differentiation-promoting factor (16) . Interestingly, King et al. (16) show in cell culture that BMP2 and BMP4 negatively regulate TGF-␤ prodifferentiation effects. It is possible that dynamic interactions between TGF-␤ and BMP, and their binding to the same TCE sequence in the pig aorta, contribute to the observed phenotypic modulation of SMC.
We also show that TGF-␤ 1 activation, not increased production of TGF-␤ 1 , is likely to contribute to the observed increase in TGF-␤ signaling. Consistent with TGF-␤ 1 activation being a major regulatory site, we show that expression of major isoforms of TGF-␤ and BMP that are normally present in the aorta did not change at the mRNA level due to hypertension. Moreover, the level of total TGF-␤ 1 protein did not change, regardless of treatment or aortic segment location.
Several mechanisms of TGF-␤ activation have been described so far. Activity of matrix metalloproteinase-2 (11), competitive binding of proteins containing thrombospondin type 1 repeats (38) , and integrin-␤8 or -␤6 interaction with RGD sequence of LAP (33) are among the most extensively studied. All of these mechanisms target LAP; thus processes known to release LLC from the ECM greatly enhance TGF-␤ activation (32) . Some of the most important processes for release of LLC from ECM are activity of BMP1-like proteases (11), or plasmin (31) , and the competitive binding of fibrillin-1 fragments generated during inflammation (6) .
In the pig coarctation model of hypertension used in our study, increased pospho-SMAD2 was specifically localized to the subendothelial region of the proximal aorta of the hypertensive animals. These areas likely experience the highest wall stress in early hypertension, consistent with the most intense vessel remodeling shown by Matsumoto and Hayashi (20) . In addition, we showed that the levels of propeptide LAP decreased the most in hypertensive segments. This decrease in LAP, an indirect indication of increased TGF-␤ 1 activity (9), was the most prominent in the regions similar to those displaying increased SMAD2 phosphorylation, suggesting that LAP degradation contributes to the increase in phospho-SMAD2. These results agree with our previous finding that the hypertensive segments had the highest levels of procollagen expression, which localized primarily to the subintimal media (13) . Additionally, increased expression of NOV and fibrillin 1 mRNA, regulators of TGF-␤ activation (1, 6), was observed in Fig. 5 . Immunohistochemical detection of latencyassociated peptide. Latency-associated peptide is detected in abundance throughout proximal and distal segments of aortic wall in sham-operated animals, whereas, in occluded animals, its level is generally lower and almost completely absent in proximal aortic segments.
proximal aortic segments, suggesting that degradation of LAP may not be the only mechanism of TGF-␤ 1 activation important in this process. We also cannot exclude the possibility that TGF-␤ activation could be affected by endothelial products, particularly given interactions between endothelin-1 and TGF-␤ (26). Our study shows that complete activation and signaling of TGF-␤ may be regulated by multiple factors in hypertension. Increased signaling in highly localized regions suggests that the local microenvironment plays an important role in modulating TGF activation, and that this step is key to spatial regulation of vascular remodeling in hypertension.
In addition to local mechanisms that control arterial remodeling in response to hypertension, systemic mechanisms play an important role. For example, hypertension is often associated with an increased activity of the renin-angiotensin system at the level of the whole organism. Angiotensin is a known stimulator of SMC hyperplasia and increased synthesis of ECM (14) . The most prominent early systemic effect of aortic coarctation is activation of the renin-angiotensin system due to a decreased blood perfusion pressure in both kidneys. As a result, fluid retention and an increase in systemic blood pressure restores kidney perfusion pressure, and renin levels soon return to normal (15) . Indeed, Fossum et al. (10) measured a transient increase in plasma renin activity and aldosterone level within first 5 days after occlusion of the aorta. Wang et al. (37) have shown that SMAD2/3 phosphorylation occurs via two pathways: one is TGF-␤ independent, relies on mitogen-activated protein kinase, and occurs within 20 min of stimulation by angiotensin II; and a delayed pathway, activated 24 h after stimulation by angiotensin II, requires functional TGF-␤ receptors and can be blocked by anti-TGF-␤ antibody. Although both plasma renin activity and aldosterone levels were not significantly different at 2 wk of hypertension relative to normotensive controls (10), we can speculate that a permissive environment for TGF-␤ activation may still exist due to either a delayed effect of increased angiotensin II during the initial phases of hypertension or local production of angiotensin II due to increased local wall stresses (17) .
Angiotensin convertase inhibitors and angiotensin receptor blockers are commonly used to treat the hemodynamic component of hypertension because they can decrease vasoconstriction and aldosterone secretion. Recently, their use has been expanded to suppress hyperactive TGF-␤ signaling in Marfan syndrome and to prevent aortic aneurysms, the most severe complication of this disease (21) . The results presented here suggest that the potential of these drugs to reduce TGF-␤ 1 signaling and decrease phosphorylation of SMAD2/3 may also help reduce hypertension-induced remodeling of the arterial wall by altering factors that play important roles in creating a permissive environment for TGF-␤ activation.
In conclusion, the interaction of systemic events and local stimuli appears to be fundamental to ultimately regulating the site and type of remodeling. Our data show that, in early hypertensive vascular remodeling, local factors play an important role in targeted increase of SMAD2 phosphorylation and changes in gene expression patterns. We show that TGF-␤ 1 activation is highly regulated in space; it is associated with areas of increased intramural stress, suggesting that TGF-␤ 1 LLC may act as a sensor for local changes in stress, allowing a highly efficient normalization of vascular wall stresses. This study emphasizes the importance of further investigation of the role of the TGF-␤ 1 complex in the ECM as a potential local mechanosensor of arterial wall stress associated with hypertensive remodeling.
